ABSTRACT Background: Nutritional support has been recognized as an essential part of intensive care unit management. However, the appropriate caloric intake for critically ill patients remains ill defined. Objective: We examined the effect of permissive underfeeding compared with that of target feeding and of intensive insulin therapy (IIT) compared with that of conventional insulin therapy (CIT) on the outcomes of critically ill patients. Design: This study had a 2 · 2 factorial, randomized, controlled design. Eligible patients were randomly assigned to permissive underfeeding or target feeding groups (caloric goal: 60-70% compared with 90-100% of calculated requirement, respectively) with either IIT or CIT (target blood glucose: 4.4-6.1 compared with 10-11.1 mmol/L, respectively). Results: Twenty-eight-day all-cause mortality was 18.3% in the permissive underfeeding group compared with 23.3% in the target feeding group (relative risk: 0.79; 95% CI: 0.48, 1.29; P = 0.34). Hospital mortality was lower in the permissive underfeeding group than in the target group (30.0% compared with 42.5%; relative risk: 0.71; 95% CI: 0.50, 0.99; P = 0.04). No significant differences in outcomes were observed between the IIT and CIT groups. Conclusion: In critically ill patients, permissive underfeeding may be associated with lower mortality rates than target feeding. This trial was registered at controlled-trials.com as ISRCTN96294863. Am J Clin Nutr 2011;93:569-77.
INTRODUCTION
Nutritional support has been recognized as an essential part of intensive care unit (ICU) management (1) . However, the appropriate caloric dose for critically ill patients remains ill defined. The perceived benefit of achieving the caloric target is to attenuate malnutrition-a common complication during critical illness (2) that is associated with increased morbidity and mortality (2, 3) . In fact, several studies have shown worse outcomes in patients receiving a low caloric intake.
On the other hand, some evidence supports caloric restriction. Studies have shown that caloric restriction prolongs the life span in several species (4, 5) , promotes mammalian cell survival (6) , and improves longevity biomarkers in humans (7) . These effects have been attributed to several mechanisms, including a reduction in the metabolic rate and oxidative stress (8) , a reduction in mitochondrial free radical generation (9) , an up-regulation of the plasma membrane redox system (10) , an improvement in insulin sensitivity, modification of cardiovascular disease risk (11) , an improvement in myocardial ischemic tolerance (12) , and changes in neuroendocrine and sympathetic nervous system function (5) . Although the applicability of these findings to critically ill patients is unknown, physiologically stressed critically ill patients are likely to be in a hypercatabolic state (13) and to have augmented oxidative stress (14) , insulin resistance (15) , and altered neuroendocrine and sympathetic nervous system function (5) . In fact, some clinical studies have shown that a lower caloric intake in critically ill patients is associated with better outcomes (16) (17) (18) (19) .
Because of this controversy, it remains unclear what constitutes an appropriate caloric dose for critically ill patients (20, 21) . Although clinical practice guidelines recommended initiating nutritional support early in the course of critical illness (20, 22) , the evidence for achieving the caloric target was insufficient to make recommendation (20) .
The purpose of our study was to examine the effect of permissive underfeeding compared with that of a targeted caloric intake and of intensive insulin therapy compared with conventional insulin therapy on the outcomes of critically ill patients.
SUBJECTS AND METHODS

Setting
The study was conducted in the 21-bed medical-surgical ICU of a tertiary care academic hospital accredited by Joint Commission International. The ICU is run as a closed unit by 24 h inhouse critical care board-certified intensivists, as described elsewhere (23) , with an approximate nurse-to-patient ratio of 1 to 1.2.
Patients
Patients aged !18 y with a blood glucose concentration of .6.1 mmol/L (110 mg/dL), receiving enteral feeding, and expected to stay for !48 h were eligible for the study. Exclusion criteria included type 1 diabetes, diabetic ketoacidosis, hypoglycemia, brain death, do-not-resuscitate status, terminal illness, postcardiac arrest, seizures within the past 6 mo, pregnancy, liver transplant, burn, readmission to the ICU within the same hospitalization, enrollment in a competing trial, oral feeding, and total parenteral nutrition. Informed consent was obtained from the patient or his or her next of kin within 48 h of the randomization window.
Study design
The study was a 2 · 2 factorial-design, randomized controlled trial (RCT). On the basis of computer-generated random permuted blocks, the enrolled patients were randomly assigned by using concealed envelops to 1 of the 4 study groups: permissive underfeeding with intensive insulin therapy (IIT), permissive underfeeding with conventional insulin therapy (CIT), target feeding with IIT, or target feeding with CIT. Stratified randomization was performed for diabetic and nondiabetic patients. Similar to other IIT trials, the assignment to IIT or CIT was not blinded because of the need for dose titration. The feeding strategy was also not blinded because of the need for titration according to tolerance and gastric residuals. The study was approved by the Institutional Review Board and was conducted between April 2006 and January 2008.
Interventions
Permissive underfeeding compared with target feeding
The standard caloric requirement was estimated by the dietitian using the Harris-Benedict equations and adjusting for stress factors (24) . The goal of caloric intake in the target feeding group was 90-100% of the standard caloric requirement, and in the permissive underfeeding group it was 60-70% of the standard caloric requirement. The selection of formula was left to discretion of the attending physician as long as it satisfied the total caloric intake criteria and was not enriched with immunonutrients. Enteral feeding was administered with an enteral feeding protocol published elsewhere from our ICU (25) . The dietitian assessed the caloric intake for the previous day and compensated for variation from the target on a daily basis by increasing or decreasing the intake accordingly. Calculation of caloric intake took into account intravenous dextrose and propofol infusions. The protein requirement was calculated as 0.8-1.5 g/kg on the basis of patient condition and underlying diseases (24) . To avoid protein malnutrition in the permissive underfeeding group, additional protein (Resource Beneprotein; Nestle Healthcare Nutrition Inc, Minneapolis, MN) was added to maintain the full protein requirement without affecting the assigned caloric intake.
Intensive compared with conventional insulin therapy
We used the previously published IIT and CIT protocols from our center (26) . Insulin infusion was adjusted to maintain a target blood glucose concentration of 4.4-6.1 mmol/L (80-110mg/dL) in the IIT group and of 10-11.1mmol/L (180-200 mg/dL) in the CIT group. The frequency of blood glucose monitoring increased to every 20 min when blood glucose concentrations decreased to 3.2 mmol/L (58 mg/dL) and reduced to every 2-4 h when measurements were stable. The protocols included several safeguards to reduce the incidence of hypoglycemia, which included reducing or holding insulin infusion and/or adding intravenous dextrose when glucose concentrations dropped abruptly and during discontinuation or intolerance of feeding (26) .
The patients were followed until discharge from the ICU, except if the patient tolerated oral feeding, had a do-not-resuscitate order written (after enrollment), or became brain dead (after enrollment). In the latter situations, the intervention was stopped but the outcome data were collected.
Data collection
Data were collected by the study coordinator using preestablished definitions. At baseline, the following data were recorded: patient demographic characteristics, Acute Physiologic and Chronic Health Evaluation (APACHE) II scores (27) , Sequential Organ Failure Assessment (SOFA) scores (28) , admission category (postoperative compared with nonoperative), diabetes history, inclusion blood glucose, ICU admission diagnosis and presence of chronic illnesses on the basis of APACHE II definitions (27) , vasopressor therapy (defined as use of any vasopressor infusion except dopamine ,5 lg Á kg 21 Á min 21 ), mechanical ventilation, serum creatinine, platelet count, bilirubin, international normalization ratio, partial pressure of oxygen to fraction of inspired oxygen ratio (PaO 2 :FiO 2 ), and Glasgow Coma Scale. We calculated daily mean blood glucose concentrations and total daily insulin doses. We also documented the daily total caloric intake, including what was received from the enteral feeding formula and from propofol and dextrose. Daily protein intake was recorded. 
Daily caloric intake, protein intake, average glucose concentrations, and insulin doses from study days 1-7 expressed as box plots. P values for the comparison of the 2 groups on each day are shown (by t test). A-D: Permissive underfeeding group (n = 120) compared with the target feeding group (n = 120). Compared with the target feeding group, patients in the permissive underfeeding group consumed fewer calories but had similar protein intakes, glucose concentrations, and insulin doses. E-H: Intensive insulin therapy group (IIT; n = 120) group compared with the conventional insulin therapy group (CIT; n = 120). Compared with the CIT group, patients in the IIT group had higher insulin doses and lower glucose concentrations but had similar calorie and protein intakes.
Outcomes
The primary endpoint was 28-d all-cause mortality. Secondary endpoints included ICU, hospital, and 180-d mortality; ICU and hospital length of stay (LOS); and mechanical ventilation duration (MVD). We documented the occurrence of health care-associated infections up to 48 h after ICU discharge, which included bacteremia, catheter-related bloodstream infection, urinary tract infection, ventilator-associated pneumonia, and skin and soft tissue infections using the National Nosocomial Infection Surveillance (NNIS) System (29) . We also documented the need for renal replacement therapy and packed red blood cell transfusion. We monitored the occurrence of hypoglycemia (defined as a blood glucose concentration 2.2mmol/L or 40 mg/dL) and hypokalemia (defined as a potassium concentration ,2.8 mmol/L).
Sample size
No RCT study has examined the effect of permissive underfeeding on mortality. On the basis of a recently published cohort study from our center (30), we observed a relative difference of 50% in ICU mortality between patients receiving .90% of caloric requirements and those receiving 60-70% of caloric requirements (28% compared with 14%) (30) . On the basis of an estimated 28-d mortality rate of 25%, a power of 0.8, and an a of 0.05, the number of subjects needed to show a reduction in mortality was 120 in each group.
Statistical analysis
The analysis was designed on an intention-to-treat principle. No stopping rules or interim analysis were planned. Statistical analyses were performed with the Statistical Analysis Software (SAS; release 8, 1999 ; SAS Institute Inc, Cary, NC). Baseline characteristics and outcome variables were compared by using a t test for continuous variables and a chi-square test for categorical variables. For mortality data, we calculated the relative risk (RR) and 95% CIs. Kaplan-Meier survival curves were constructed and compared by using a log-rank test. For outcomes presented as rates, such as hypoglycemia, we used Z approximation. Statistical significance was defined as a P value 0.05.
Given the 2 · 2 factorial design, we tested for interactions between the 2 interventions by multivariate logistic regression modeling. The P value for this interaction was 0.067 for 28-d 
RESULTS
Patient characteristics
Of 1587 patients assessed for eligibility, 240 met the inclusion criteria and were recruited for the study (Figure 1) . The baseline characteristics of the study groups, stratified by the interventions, are presented in Table 1 . No significant differences in baseline characteristics were observed between patients in the permissive underfeeding and target feeding groups or between patients in the IIT and CIT groups.
Interventions
Caloric intake was consistently lower in the permissive underfeeding group than in the target feeding group (Figure 2, A) . The average percentage caloric intake/requirement throughout the ICU stay was 59.0 6 16.1% in the permissive underfeeding group compared with 71.4 6 22.8% in the target feeding group (P , 0.0001) ( Table 2) . Protein intake, glucose concentrations, and insulin doses were similar in the permissive underfeeding and target feeding groups (Figure 2 , B-D; Table 2 ). Regarding the IIT and CIT groups, the average daily insulin dose throughout the study period was 62.8 6 39.9 units in the IIT group and 23.0 6 33.4 in the CIT group (P , 0.0001), with corresponding average glucose concentrations of 6.2 6 0.7 and 8.6 6 2.0 mmol/L (P , 0.0001), respectively, whereas the calorie and protein intakes were similar (Table 2; Figure 2, E-H Figure 3 , which indicate separation in the probability of survival between the 2 groups, although not statistically significant (log-rank test, P = 0.16). Other endpoints. ICU LOS and MVD were 11.7 6 8.1 compared with 14.5 6 15.5 (P = 0.09) and 10.6 6 7.6 compared with 13.2 6 15.2 (P = 0.10) in the permissive underfeeding and target feeding groups, respectively ( Table 4) . No significant difference was observed in hypoglycemia rates, ICU-acquired infection rates, and the need for renal replacement therapy. Patients in the permissive underfeeding group required less packed red cell transfusions than did the target group (0.07 6 0.16 compared with 0.12 6 0.24 units/d; P = 0.03) and had less hypokalemic episodes (7.5% of patients compared with 19.2% of patients; P = 0.008).
IIT compared with CIT
Mortality. No differences in 28-d all-cause mortality or in the ICU, hospital, and 180-d mortality rates were observed between the IIT and CIT groups (Table 3 )-a finding that reflected in Kaplan-Meier survival estimates (log-rank test, P = 0.71; Figure 3 ). Other endpoints. No significant differences in any of the secondary endpoints were observed between the IIT and CIT groups (Table 4) , except for hypoglycemia, which occurred more frequently in the IIT group than in the CIT group (31.7% compared with 6.7%; P , 0.0001).
DISCUSSION
The main finding in our study was that permissive underfeeding was associated with lower mortality and morbidity than was target feeding in critically ill patients. IIT was not associated with an improvement in outcomes relative to CIT.
Studies examining the optimal caloric dose in critically ill patients have yielded different results (16, 18, 19, (32) (33) (34) (35) (36) , possibly because of their heterogeneity with regard to study design, patient population, route of delivery, timing, and dose of nutrition. In a cohort study of 48 critically ill patients, Villet et al (32) found that a cumulative energy deficit was associated with longer ICU LOS, increased MVD, and more complications. Rubinson et al (33) found, in a study of 138 medical ICU patients, that patients receiving ,25% of prescribed energy requirements had a higher risk of bloodstream infections than did all other patients. In an RCT of 82 severe traumatic brain injury patients, Taylor et al (34) found that patients in the enhanced nutrition group had better neurologic outcomes after 3 mo of the injury than did patients in the standard group. However, no differences in neurologic outcome at 6 mo or in mortality were observed (34) . In a multicenter cluster RCT that examined the effect of the implementation of evidence-based feeding algorithms (35) , the investigators showed that the intervention led to a statistically nonsignificant increase in caloric delivery (1264 compared with 998 kcal; P = 0.31) and a significant reduction in hospital LOS. However, it remains unclear whether the large changes in clinical outcomes are related to the small increase in dose of nutrition (21) . Other studies showed no effect on patient outcomes with increased caloric intake, as seen in a cluster RCT in 27 hospitals in Australia and New Zealand (36) . Finally, other studies showed improved outcomes with reduced caloric intakes. Krishnan et al (16) found that a moderate caloric intake (ie, 33-65% of the recommended targets) was associated with lower MVD, ICU LOS, and hospital mortality than was a higher caloric intake. We documented similar finding in a nested cohort study of 523 patients (17) . In a study of 40 critically ill obese patients, Dickerson et al (18) found that lower calorie intakes were associated with a lower ICU LOS and duration of antibiotic therapy. Ibrahim et al (19) compared "early aggressive" and "late" feeding protocols in 150 patients and found that early feeding was associated with higher incidences of ventilatorassociated pneumonia and Clostridium difficile-associated diarrhea and longer ICU and hospital LOS.
Our study was the first RCT to compare permissive enteral underfeeding with target enteral feeding in critically ill medical surgical patients. A statistically significant treatment effect in the primary endpoint (ie, 28-d all-cause mortality) was not found, but a reduction in the hospital and 180-d mortality rates was observed in the permissive underfeeding group. The lack of a statistically significant difference in the 28-d mortality rate might be related to several factors. First, the achieved calorie intake, especially in the target feeding group, was below that which was planned (achieved: 71%; planned: 90-100%), which resulted in a smaller difference in interventions (59% compared with 71%). The difficulty of achieving nutritional targets in the ICU is well documented in the literature (37) , including in interventional studies aimed at augmenting caloric intake (34) (35) (36) . Such difficulty is due to intrinsic patient factors, including impaired gastric emptying as well as practice-related factors such as delays in initiating enteral feeding, slow advancement of feeding, and waiting for active bowel sounds. To minimize the effect of the latter, we followed a standardized validated protocol (25) and used a compensation strategy. Nevertheless, our study showed that a target caloric intake of .90% may be achievable in some patients, but it is difficult to achieve in a group of critically ill patients in an intervention study. This high expectation has probably overestimated the treatment effect used in the sample size calculation and undermined the power of the study. Second, the permissive underfeeding target of 60-70% might not have been "hypocaloric enough" and that the benefit is expected with lower caloric intakes, as shown in several observational studies (16) . Nevertheless, our trial compared the best achievable target (target group) in a reduced-calorie group (permissive underfeeding) as reflected by the clear separation in caloric intake between the 2 groups. Third, the sample size might have been underestimated because it was based on anticipated treatment effect derived from observational studies; which often show larger treatment effects than in randomized studies (38) . Fourth, although commonly used in critical care trials, the endpoint of 28-d mortality might not detect the effect of the intervention, and long-term outcome measures might be better endpoints. In fact, our study showed larger treatment effects on long-term mortality rates, such as hospital and 180-d mortality rates, than on short-term mortality rates, including ICU and 28-d mortality rates. Fifth, the lack of a statistically significant difference might reflect the true effect; ie, no difference in outcomes between the permissive underfeeding and target feeding groups. However, we observed a statistically significant difference in hospital mortality. In addition, the point estimates of 28-d, ICU, and 180-d mortality rates were consistently better in the permissive underfeeding group, which suggested a potential improvement in outcome with reduced calorie intakes.
Our study showed a lack of benefit with IIT and a significant increase in the risk of hypoglycemia. IIT has gained great interest after van den Berghe et al (39) reported that IIT was associated with a reduction in mortality and morbidity in surgical ICU patients, which led to calls to adopt this therapy as a standard of care for ICU patients (40) (41) (42) . Several subsequent RCTs did not show a clear clinical outcome benefit, including a trial from our center; from the multicenter Glucontrol, VISEP, and NICE-SUGAR trials (26, 39, (43) (44) (45) ; and from 2 subsequent meta-analyses (46, 47) . Of note, our insulin protocols had the same glucose concentration targets as did both van den Berghe trials, and we achieved comparable glucose concentrations. Mean glucose concentrations were 6.2 6 0.7 compared with 8.6 6 2.0. mmol/L in our IIT and CIT groups, 5.7 6 1.1 compared with 8.5 6 1.8 mmol/L in the trial in surgical patients, and 6.2 6 1.6 compared with 8.5 6 1.7 mmol/L in the trial in medical patients. The lack of benefit from IIT raises the question of what the optimal blood glucose concentration is in critically ill patients and whether other factors, such as glucose variability, are as important (48) .
Our study should be interpreted in light of its strengths and weaknesses. The strengths included the study design (ie, RCT) and the concealment resulting in well-balanced groups. The use of supplemental protein allowed the maintenance of similar protein intakes in the 2 groups, despite significant differences in calorie intake. The limitations included being monocenter, the unblinded nature of the study, and the lower than anticipated calorie intake in the target group.
In conclusion, the study suggests that permissive underfeeding may be associated with lower mortality than target feeding in critically ill patients and that a larger multicenter study be conducted to confirm these findings.
